Frontotemporal dementia (FTD) causes progressive personality, behavior and/or language disturbances and represents the second most common form of dementia under the age of 65. Over half of all FTD cases are classified pathologically as frontotemporal lobar degeneration (FTLD) with TAR DNA-binding protein of 43 kDa (TDP-43) pathology (FTLD-TDP). In FTLD-TDP brains, TDP-43 is phosphorylated, C-terminally cleaved, lost from the nucleus and accumulates in the cytoplasm and processes of neurons and glia. However, the contribution of TDP-43 C-terminal fragments (CTFs) to pathogenesis remains poorly understood. Here, we developed transgenic (Tg) mice with forebrain Camk2a-controlled doxycycline-suppressible expression of a TDP-43 CTF (amino acids 208-414, designated 208 TDP-43 CTF), previously identified in FTLD-TDP brains. In these 208 TDP-43 Tg mice, detergent-insoluble 208 TDP-43 CTF was present in a diffuse punctate pattern in neuronal cytoplasm and dendrites without forming large cytoplasmic inclusions. Remarkably, the hippocampus showed progressive neuron loss and astrogliosis in the dentate gyrus (DG). This was accompanied by phosphorylated TDP-43 in the CA1 subfield, and ubiquitin and mitochondria accumulations in the stratum lacunosum moleculare (SLM) layer, without loss of endogenous nuclear TDP-43. Importantly, 208 TDP-43 CTF and phosphorylated TDP-43 were rapidly cleared when CTF expression was suppressed in aged Tg mice, which ameliorated neuron loss in the DG despite persistence of ubiquitin accumulation in the SLM. Our results demonstrate that Camk2a-directed 208 TDP-43 CTF overexpression is sufficient to cause hippocampal pathology and neurodegeneration in vivo, suggesting an active role for TDP-43 CTFs in the pathogenesis of FTLD-TDP and related TDP-43 proteinopathies.
Introduction
Frontotemporal dementia (FTD) comprises a group of diseases, which manifest with diverse clinical phenotypes including changes in personality, behavior and language (1) . Pathologically, over half of all FTD cases are characterized as frontotemporal lobar degeneration (FTLD) with TAR DNA-binding protein of 43 kDa (TDP-43) pathology (FTLD-TDP) (2) . Furthermore, over 95% of amyotrophic lateral sclerosis (ALS) and ∼30% of Alzheimer's disease cases also have TDP-43 pathology in the CNS (2, 3) . Indeed, mutations in the TARDBP gene that encodes TDP-43 account for up to 4% of all familial and ∼1% of sporadic ALS cases, in addition to a small number of FTLD-TDP cases, confirming the pathogenic role of abnormal TDP-43 in disease (2, 4) .
TDP-43 is a 414 amino acid DNA-and RNA-binding protein located primarily in the nucleus that is involved in a diverse set of essential functions, including transcription, splicing, RNA metabolism and miRNA biogenesis (2, 5) . In FTLD-TDP, TDP-43 is lost from the nucleus and aberrantly accumulates in the cytoplasm of neurons and glia where it is rendered insoluble, is phosphorylated and is cleaved to generate C-terminal fragments (CTFs), which likewise accumulate in cytoplasmic inclusions (6, 7) . The contributions of TDP-43 inclusions, CTFs and the loss of nuclear TDP-43 function to neurodegeneration remain poorly understood.
In the cortex and hippocampus of FTLD-TDP patients, TDP-43 CTFs predominate over full-length TDP-43 in the cytoplasmic and dendritic pathology, suggesting a key role for CTFs in neurodegeneration in the brain (8) . One of the TDP-43 CTFs detected in FTLD-TDP brains is ∼20-kDa fragment comprising amino acids 208-414 of TDP-43 (referred to here as 208 TDP-43 CTF) (9) , which is abnormally phosphorylated similar to full-length TDP-43 in the disease state (7) . When exogenously expressed in cell lines, 208 TDP-43 CTF is located primarily in the cytoplasm, where it accumulates in large phosphorylated inclusions and is highly insoluble, reminiscent of the pathology in FTLD-TDP brains (9, 10) . However, a 202-414 TDP-43 CTF did not cause degeneration in Drosophila (11), and transgenic (Tg) mice expressing 216-414 TDP-43 CTF constitutively in the brain developed cognitive deficits without neuron death, pathology or insoluble TDP-43 accumulation (12) . Although Drosophila expressing 219-414 TDP-43 CTF showed a modest rough-eye phenotype indicative of some toxicity (13) , adenovirus-mediated expression of 220-414 TDP-43 CTF in the brain and spinal cord of rats resulted in a mild movement disorder, but no detectable neurodegeneration or diseaserelated TDP-43 pathology (14) . Furthermore, in Tg mouse models expressing full-length TDP-43, CTFs are either undetectable or present at only very low levels (15) (16) (17) (18) . The contribution of any TDP-43 CTFs to disease in these models is also difficult to determine due to the presence of other contributing factors, such as alterations in RNA processing, caused by the overexpression of full-length TDP-43. Therefore, the role that TDP-43 CTFs play in the pathogenesis of TDP-43 proteinopathies, and whether or not TDP-43 CTFs cause neurodegeneration, remains unclear.
Since it has not been possible from previous Tg models to conclusively determine the contribution of FTLD-TDP-associated TDP-43 CTFs to disease in vivo, we generated new Tg mice with doxycycline (Dox)-suppressible expression of 208 TDP-43 CTF under the control of the forebrain-specific Camk2a promoter. In these 208 TDP-43 Tg mice, 208 TDP-43 CTF was present in a diffuse punctate pattern in neuronal cell bodies and dendrites of the brain and was detergent insoluble. Furthermore, although abnormally phosphorylated TDP-43 ( pTDP-43) was detected in the CA1 region of the hippocampus, large disease-reminiscent TDP-43 inclusions were not formed and there were no changes in endogenous full-length nuclear TDP-43 in the 208 TDP-43 Tg mice up to 24 months. However, progressive and dramatic loss of granular neurons and astrogliosis occurred in the dentate gyrus (DG) of the hippocampus. Remarkably, when transgene expression was suppressed by reintroduction of mice to Dox, 208 TDP-43 CTF and pTDP-43 were cleared from the brain and DG neuron loss was ameliorated. These findings demonstrate that a TDP-43 CTF found in FTLD-TDP pathology is sufficient to cause neurodegeneration in vivo and suggest that TDP-43 CTFs may play a pathogenic role in TDP-43 proteinopathies.
Results

TDP-43 CTF is insoluble and localized to dendrites in TDP-43 Tg mouse brain
Previous results indicated that TDP-43 CTFs are the major components of TDP-43 pathology in the brains of FTLD-TDP patients (8) (Supplementary Material, Fig. S1 ). We therefore produced bigenic Camk2a-tTA/tetO-208 TDP-43 mice (208 TDP-43 Tg mice) for brain expression of the pathologically relevant human 208 TDP-43 CTF (9), to investigate the role of TDP-43 CTFs in disease. For initial characterization, 208 TDP-43 Tg mice were withdrawn from Dox to induce expression of 208 TDP-43 CTF along with littermate controls and examined by immunoblot (IB) at 6 months off Dox. IB showed expression of 208 TDP-43 CTF at levels ∼3-to 6-fold over endogenous full-length TDP-43 in the cortex, hippocampus and olfactory bulb, with very low levels in the brainstem and cerebellum and no expression in the spinal cord (Fig. 1A) . Sequential extraction into RIPA (R)-soluble and urea (U)-soluble protein fractions revealed unaltered solubility of endogenous mouse full-length TDP-43, despite the near exclusive presence of 208 TDP-43 CTF in the U-soluble fraction of all brain regions where it was expressed (Fig. 1A) .
Similar to previous reports in cell culture (8) , 208 TDP-43 CTF was detected by IB as two major and several minor discrete bands, which were recognized by a human TDP-43 (hTDP-43)-specific MAb (Fig. 1A) . This hTDP-43 antibody does not recognize endogenous mouse TDP-43 and binds to an epitope in hTDP-43 between amino acids 261 and 391 (19) . The bands corresponded to at least one minor higher molecular mass (Mr) phosphorylated species detected on IB by an antibody against FTLD-TDP/ALSspecific p409/410 TDP-43, which was eliminated by the treatment of the extracts with calf intestinal phosphatase (CIP; Supplementary Material, Fig. S2A ). In addition, one minor lower Mr species lacking the 208-220 amino acid region was detected by IB, suggesting post-translational N-terminal cleavage of the 208 TDP-43 CTF (Supplementary Material, Fig. S2B ). Furthermore, only one single major band was detected using highly denaturing urea-gel IB, indicating that the several major 208 TDP-43 CTF bands detected by SDS-PAGE IB may represent SDS-resistant conformers that are nonetheless eliminated by urea treatment (Supplementary Material, Fig. S2C ). Indeed, different TDP-43 antibodies possessed slightly different affinities for each of the discrete bands, suggesting differences in the exposure of antibody-binding epitopes by SDS-PAGE IB (data not shown). These results indicate that complex post-translational modifications and folding of the 208 TDP-43 CTF occur in vivo and that 208 TDP-43 CTF is predominantly RIPA-insoluble when expressed in mice, which is reminiscent of findings from human FTLD-TDP brain tissue (6) .
To define the regional distribution of 208 TDP-43 CTF and the time course of expression, we performed immunohistochemistry (IHC) for hTDP-43 in the brain and spinal cord, for n ≥ 3 mice at each of 1, 2 weeks, 6, 10, 16, 19 and 24 months off Dox. No expression of 208 TDP-43 CTF was detected at 3 days (n = 2), and variable levels were detected at 1 week (data not shown). However, 208 TDP-43 CTF was widely expressed in the brain, including all cortical layers, all subfields of the hippocampus, the olfactory bulb and the striatum and was present in a diffuse and punctate pattern in the perinuclear and dendritic compartments of neurons in all mice examined from 2 weeks of expression until 24 months ( Fig. 1B-G) . In the cerebellum, only very rare Purkinje cells expressed 208 TDP-43 CTF (Fig. 1H) , and no expression was detected in the spinal cord (Fig. 1I) , consistent with the IB findings (Fig. 1A) . Notably, although the presence of small hTDP-43 puncta and the detergent insolubility suggest that the 208 TDP-43 CTF is present in at least a partially aggregated form in vivo, large cytoplasmic 208 TDP-43 CTF inclusions were not detected in any region at any time point examined. Furthermore, double labeling immunofluorescence (IF) for hTDP-43 and the dendritic marker MAP2 (Fig. 1J-L) or the axonal marker pNF (Fig. 1M-O) , along with the lack of hTDP-43 detected in white matter, confirmed that 208 TDP-43 CTF was confined to the somatodendritic compartment of neurons and was not present in axons.
208 TDP-43 CTF is phosphorylated in the CA1 subfield of the hippocampus without the formation of large cytoplasmic inclusions
Both full-length TDP-43 and TDP-43 CTFs are aberrantly phosphorylated at serine residues 403/404 and 409/410 in ALS and FTLD-TDP CNS tissue (6, 7, 20) . To further investigate TDP-43 phosphorylation in the 208 TDP-43 Tg mice, we used specific antibodies for both of these phosphorylation sites for IHC with n ≥ 3 mice at each of 1, 2 weeks, 6, 10, 16, 19 and 24 months off Dox. Despite the widespread expression of 208 TDP-43 CTF in all layers of the cortex and all subfields of the hippocampus (Fig. 1 ), phosphorylation at serines 409/410 occurred almost exclusively in neurons of the CA1 region of the hippocampus, with only rare p409/410-positive neurons in the cortex ( Fig. 2A-C) , whereas only weak or negligible p409/410 staining was detected in the CA3 or DG subfields of the hippocampus ( Fig. 2D and E). Similarly, no immunoreactivity for p403/404 was detected in controls (Fig. 2F ), but intense dendritic CA1 p403/404 immunoreactivity was detected in 208 TDP-43 Tg mice (Fig. 2G-I ). Interestingly, p403/404 and p409/410 immunoreactivity was detected at low levels as early as 1-2 weeks and was robustly detected at comparable levels at all later time points examined (Fig. 2G-I , and data not shown). These findings indicate that 208 TDP-43 CTF phosphorylation begins soon after the induction of transgene expression and efficient protein turnover occurs despite the phosphorylation and detergent insolubility, which prevents accumulation over time. Notably, although neurons displayed a punctate distribution of 208 TDP-43 CTF, large cytoplasmic TDP-43-positive inclusions were not detected in any region at any time point with any of the phosphorylation-dependent or -independent TDP-43 antibodies. Consistent with the restricted distribution of pTDP-43 detected by IHC, very low levels of phosphorylated 208 TDP-43 CTF were detected by IB (Supplementary Material, Fig. S2A ). However, the specificity of the phosphorylated species was confirmed by enzymatic dephosphorylation of protein extracts followed by analysis by IB (Supplementary Material, Fig. S2A ).
TDP-43 CTF expression causes progressive neurodegeneration and astrogliosis in the DG of the hippocampus
Using IHC to label neuronal nuclei containing TDP-43, analysis of 208 TDP-43 Tg mouse brains over time did not reveal overt cortical thinning or neuron loss in any region except for a dramatic decrease in DG neurons in aged mice. We therefore analyzed the number of cells in the DG in coronal level-matched regions of the caudal hippocampus in 208 TDP-43 Tg mice and littermate controls over the life span, using N-terminal TDP-43 antibody as a nuclear marker (Fig. 3A-D) . Quantitative analysis revealed that the number of DG nuclei did not differ between 208 TDP-43 Tg mice and littermate controls at 5 months (P > 0.05), but there were significantly fewer DG nuclei in 208 TDP-43 Tg mice at 10, 16, and 19 months (Fig. 3E) . Notably, DG neuron loss progressed over time with a greater than 80% loss of DG neurons in 208 TDP-43 Tg mice at 19 months. Furthermore, there was a concomitant increase in GFAP immunoreactivity, indicating reactive astrogliosis in response to neurodegeneration, in the DG from 10 months (Fig. 3F-I ).
208 TDP-43 CTF expression does not affect the level, solubility or subcellular distribution of endogenous TDP-43
In FTLD-TDP brains, TDP-43 is lost from the nuclei of neurons that accumulate cytoplasmic TDP-43 (6) . In addition, overexpression of full-length nuclear or cytoplasmic TDP-43 in cell culture and animal models causes downregulation of TDP-43 by autoregulatory mechanisms (15, 21) . In order to define the effect of 208 TDP-43 CTF on endogenous TDP-43, we analyzed the brains of 208 TDP-43 Tg mice by IB and IHC over time using an TDP-43 N-terminus-specific antibody, which does not detect the 208 TDP-43 CTF (8) . We noted that the levels of 208 TDP-43 CTF observed by IB reached a steady state as early as 2 weeks off Dox and remained unchanged up to 24 months ( Fig. 4D and E) of the hippocampus, despite significant neuronal loss in the DG (Fig. 3A-E) . Indeed, although far fewer neuronal nuclei were present in the DG at later time points, those that did remain were indistinguishable in terms of endogenous nuclear TDP-43 compared with controls. Furthermore, there were no cytoplasmic accumulation of full-length endogenous mouse TDP-43 in any brain region nor were any TDP-43-positive inclusions detected at any time point. Importantly, these results indicate that the insoluble 208 TDP-43 CTF is able to cause neurodegeneration, albeit in a very restricted subset of CNS neurons, in the absence of any change in solubility, levels or distribution of full-length nuclear TDP-43.
(SLM) layer of the hippocampus in all 208 TDP-43 Tg mice that were off Dox for 5 months or longer, using multiple anti-ubiquitin antibodies ( Fig. 5C and D; Supplementary Material, Fig. S3 ). Under high magnification, the intense ubiquitin immunoreactivity corresponded to a discrete punctate pattern in the SLM (Fig. 5E inset) that was not seen in littermate controls (Fig. 5I) .
Since the accumulation of ubiquitinated proteins may reflect a failure of protein degradation or an overload of misfolded proteins, we performed IHC for other protein degradation pathway markers, including the autophagy receptor p62, which is also found in FTLD-TDP pathology, and ubiquilin 2, which has been associated with protein inclusions in a subset of ALS and FTLD cases (24) (25) (26) . The punctate pattern of p62 distribution mirrored the distribution of ubiquitin in the SLM of 208 TDP-43 Tg mice, albeit in lower abundance than ubiquitin ( Fig. 5F and Inset), which was again not seen in littermate controls (Fig. 5J) . However, the ubiquitin 2 IHC did not reveal any differences between littermate controls and 208 TDP-43 Tg mice in level or localization in any regions of the brain (data not shown).
Several studies have also implicated mitochondrial dysfunction in TDP-43 proteinopathies, including in TDP-43 cell models and in Tg mice expressing full-length ALS-linked mutant TDP-43 (27) (28) (29) . Additionally, mutations in the gene encoding the mitochondrial protein CHCHD10 have recently been identified in FTLD and ALS patients (30) . In order to investigate mitochondrial integrity in the SLM of 208 TDP-43 Tg mice, we performed IHC and IF for the mitochondrial proteins cytochrome c ( Fig. 5G and K) and COX IV (Fig. 5M) , which both exhibited a granular staining pattern in 208 TDP-43 Tg mice similar to ubiquitin. Double labeling of COX IV with ubiquitin by IF demonstrated their co-localization in the SLM of 208 TDP-43 Tg mice (Fig. 5M) . Remarkably, the SLM accumulations were not immunoreactive for any TDP-43 antibodies (Fig. 5H and L) . Finally, double labeling IF for ubiquitin with dendritic marker MAP2 or axonal marker pNF revealed co-localization of the ubiquitin accumulations with dendrites but not axons in the SLM (Fig. 5N and O) . Thus, 208 TDP-43 Tg mice develop progressive ubiquitin, p62 and mitochondrial protein accumulations, which do not contain 208 TDP-43 CTF, in distal dendrites of the SLM of the hippocampus. In order to elucidate if the DG degeneration was due to the expression of 208 TDP-43 CTF in the DG granular cells themselves or was linked with the SLM ubiquitin accumulation, we generated bigenic mice for Dox-suppressible expression under the control of the NEFH promoter, which drives expression broadly in the brain but with only modest levels in the granular cells of the DG (31) . Similar to the Camk2a-208 TDP-43 Tg mice, the NEFH-208 TDP-43 Tg mice had high levels of insoluble 208 TDP-43 CTF in the cortex and hippocampus, with accumulation of p409/410 TDP-43 predominantly in the CA1 region and ubiquitin in the 208 TDP-43 CTF is cleared and neurodegeneration is ameliorated when expression is suppressed in 208 TDP-43 Tg mice
We next sought to investigate whether suppression of 208 TDP-43 CTF expression could prevent continued neurodegeneration and allow for clearance of pathology. Thus, we exploited the Dox-suppressible system by returning a cohort (n = 9) of 208 TDP-43 Tg mice to Dox-containing chow after 13 months of transgene expression, which is a time when DG neuron loss has begun (Fig. 3E) and there is accumulation of pTDP-43 ( Fig. 2 ) and ubiquitin (Fig. 5) in the hippocampus. We analyzed these mice at each of 5, 15 days and 6 months back on Dox. By IHC, both hTDP-43 and p409/410 TDP-43 were markedly decreased at 5 days and 15 days back on Dox, with complete clearance at 6 months ( Fig. 6A-L) . However, immunoreactivity for ubiquitin in the SLM of the hippocampus was unaltered in mice back on Dox, even at 6 months, indicating that this pathology could not be cleared despite clearance of the 208 TDP-43 CTF. Remarkably, after only 5 days back on Dox very little 208 TDP-43 CTF remained by IB, and by 15 days 208 TDP-43 CTF was undetectable (Fig. 6Q) .
Importantly, in addition to the rapid clearance of 208 TDP-43 CTF following Dox reintroduction, the progressive loss of DG neurons (Fig. 3 ) was ameliorated, with mice off Dox for 19 months containing over 70% fewer DG neurons than mice off Dox for 13 months and back on Dox for 6 months ( Fig. 6R ; P < 0.05 by oneway ANOVA; n = 3-4 per group; Supplementary Material, Fig. S5 ). These results indicate that the clearance of insoluble 208 TDP-43 CTF prevented continued DG neuron loss (Fig. 7) .
Discussion
The presence of detergent-insoluble TDP-43 CTFs is a hallmark of FTLD-TDP and ALS pathology in the brain (6) . However, the contribution of TDP-43 CTFs to neurodegeneration has remained unclear. Here, we describe for the first time a mouse model expressing a highly insoluble TDP-43 CTF identified by N-terminal sequencing in human FTLD-TDP postmortem brain (9) . The 208 TDP-43 Tg mice reported here demonstrate that TDP-43 CTFs can cause neurodegeneration in vivo without formation of the large TDP-43 inclusions seen in FTLD-TDP and ALS tissue, and without changes in the level, solubility or subcellular distribution of nuclear full-length TDP-43. Furthermore, neurodegeneration was not dependent on TDP-43 phosphorylation, since the only brain region which showed robust neuron loss, the DG of the hippocampus, showed no or only very little pTDP-43 at any time point. Indeed, the only brain region in which robust TDP-43 phosphorylation was detected, the CA1 of the hippocampus, did not develop overt neuron loss. These results therefore indicate that TDP-43 CTFs are sufficient to cause neurodegeneration without causing the full gamut of human pathology in vivo, suggesting that multiple factors contribute to the formation of TDP-43 pathology in human disease.
The absence of large cytoplasmic TDP-43 inclusions characteristic of human FTLD-TDP and ALS in the 208 TDP-43 Tg mice was surprising, especially since expression of 208 TDP-43 CTF causes the formation of large disease-reminiscent pTDP-43 inclusions in cell culture (9, 10) . One explanation could be that the level of expression of the transgene in the 208 TDP-43 Tg mice was insufficient to cause TDP-43 inclusion formation, although the 208 TDP-43 CTF was expressed at levels approximately three-to six-fold higher than endogenous TDP-43 in the hippocampus and cortex after accounting for the difference in RIPA-soluble versus RIPA-insoluble partitioning (Fig. 1A) . The comparative ratio of 208 TDP-43 CTF to full-length TDP-43 is therefore apparently higher in the 208 TDP-43 Tg mice than occurs in the urea-soluble fractions of FTLD-TDP brain tissue (6, 7) . Despite the lack of large TDP-43 inclusions, intriguingly the 208 TDP-43 CTF was almost completely RIPA-insoluble in the mice from the earliest time point when expression was consistently detected (2 weeks) up to 24 months (Fig. 4A) , mirroring biochemical findings in human patients and cell culture (6, 9) . Interestingly, our results showed comparable levels of 208 TDP-43 CTF between 2 weeks and 24 months, which suggests that a steady state level is rapidly reached such that cellular degradation mechanisms remain able to maintain a stable level of the protein over time. Our findings also demonstrated that clearance of the 208 TDP-43 CTF occurs rapidly following suppression of the transgene, suggesting that neuronal protein clearance mechanisms remain active even with prolonged expression of the insoluble cytoplasmic 208 TDP-43 CTF. It is therefore possible that additional cellular stress to pathways involved in clearance of TDP-43, including autophagy and proteasomal degradation (32) , is required to cause the formation of the TDP-43 inclusions seen in human FTLD-TDP and ALS pathology. Importantly, these findings also indicate that detergent insolubility is not necessarily correlated with the formation of large TDP-43 inclusions, suggesting that multiple post-translational modifications are involved in the aggregation pathway of TDP-43.
Another characteristic of human FTLD-TDP brain tissue, as well as when 208 TDP-43 CTF is expressed in cell culture, is the robust detection of pTDP-43, particularly at serines 403/404 and 409/410 (6, 7, 9, 20) . Remarkably, however, pTDP-43 was detected by IHC predominantly in the CA1 region of the hippocampus of the 208 TDP-43 Tg mice, and only at modest levels in a small percentage of neurons in other hippocampus regions and other brain regions, despite widespread expression of the 208 TDP-43 CTF. The reason for this regional selectivity of TDP-43 phosphorylation remains unclear, although a restricted distribution or variation in the cellular complement of kinases and phosphatases that can phosphorylate and dephosphorylate TDP-43 may be one possible explanation. It is also notable that the distribution of pTDP-43, primarily found in the CA1 region, did not correlate with neurodegeneration, which occurred primarily in the DG of the 208 TDP-43 Tg mice. Moreover, large TDP-43-positive inclusions were not formed in the CA1 region of the hippocampus in the 208 TDP-43 Tg mice despite the presence of early and persistent TDP-43 phosphorylation. This provides support for the hypothesis that TDP-43 phosphorylation at amino acids 403/404 and 409/410 is a marker of insoluble TDP-43 species rather than a driver of TDP-43 inclusion formation and neurodegeneration (33) . It is also possible that the 403/404 and 409/410 TDP-43 phosphorylation detected in the CA1 neurons may represent a protective mechanism against neurodegeneration. Phosphorylated TDP-43 is regarded as a hallmark of ALS and FTLD-TDP-43 pathology (6), and further investigation of how the regional variation in TDP-43 phosphorylation is mediated, specifically at the disease-relevant (33, 36, 37) , although similar-sized CTFs are also generated in cells lacking caspase 3 (35) . Furthermore, TDP-43 has multiple potential calpain cleavage sites between amino acids 229 and 346, for the generation of ∼33-36-kDa TDP-43 species identified in vitro (38) , and asparaginyl endopeptidase can cleave TDP-43 at Asn291 and Asn308 (39) . Endoplasmic reticulum (ER)-resident caspase 4 has also been shown to cleave TDP-43, at Asp174, to generate CTFs (40) , although it remains uncertain how an ER-resident caspase is able to cleave nuclear or cytoplasmic TDP-43. Our finding of neurodegeneration in the DG of 208 TDP-43 Tg mice, despite the absence of the nuclear TDP-43 clearance found in human pathology (6) , indicates that loss of nuclear TDP-43 is not required to cause neurodegeneration. Notably, the 208 TDP-43 CTF lacks the nuclear localization sequence of TDP-43 (at amino acids 82-98) as well as the first RNA recognition motif (RRM1) and part of RRM2 (which approximately spans amino acids 192-265). Therefore, the 208 TDP-43 CTF is located in the cytoplasm and would be predicted to lack RNA binding. Thus, neurodegeneration caused by the 208 TDP-43 CTF is unlikely to be due to altered RNA-binding or splicing functions but is likely caused by some other undetermined gain of toxicity mechanism. Future investigation into how the 208 TDP-43 CTF is able to cause neurodegeneration will allow further differentiation of the effects of TDP-43 CTF compared with cytoplasmic full-length TDP-43. For example, our finding that the 208 TDP-43 CTF is distributed more extensively into the dendrites of neurons than cytoplasmic full-length TDP-43 when expressed in the brains of mice (15) suggests that TDP-43 CTFs are actively transported into the distal processes of neurons and may therefore have more impact on intracellular transport in neurons than fulllength TDP-43.
The accumulation of mitochondria, ubiquitin and p62 in dendrites of the SLM of the hippocampus, which functionally connects the dendritic tufts of CA1 neurons and projections from the entorhinal cortex (43), also suggests a possible disruption of intracellular transport in neurons of the 208 TDP-43 Tg mice. The lack of TDP-43 within these accumulations likewise indicates that the accumulations are not due to co-aggregation with the 208 TDP-43 CTF itself but form as a result of an upstream dysfunction. Interestingly, p62-positive but TDP-43-negative inclusions are also found in the hippocampus in FTLD-TDP patients with C9orf72 mutations, although these are found to be perinuclear in pyramidal cells rather than in the SLM (44) . Likewise, phospho-tau accumulates in dilated structures in the dendritic compartment of the SLM in the hippocampus in early-stage Alzheimer's disease brain (45) , and ubiquitin-positive spheroids are also detected in the SLM of patients with Lewy body dementia (46) . However, since neurodegeneration was halted in the 208 TDP-43 Tg mice upon suppression of transgene expression despite the continued presence of the SLM ubiquitin accumulations, it is likely that this pathology is epiphenomenal rather than causative of neurodegeneration. Another explanation is that the constant expression of 208 TDP-43 CTF leads to an overload of cellular degradation machinery, such that the degradation of other proteins and organelles is slowed, resulting in the SLM pathology. Further studies will be required to identify the molecular causes and consequences of these changes.
The physiological relevance of mitochondrial accumulation in the distal dendrites of CA1 neurons of the hippocampus in the 208 TDP-43 Tg mice also remains unclear. It is possible that this mitochondrial accumulation is a result of potential defective axonal transport caused by the insoluble 208 TDP-43 CTF in the more proximal dendrites of these neurons. However, our finding of persistent mitochondrial accumulation in the SLM of the hippocampus despite clearance of the 208 TDP-43 CTF and amelioration of neuron loss upon return of the 208 TDP-43 Tg mice to Dox for 6 months suggests that this mitochondrial accumulation is not primarily responsible for the neuron loss detected in the hippocampus. Any negative consequences resulting from these aberrant mitochondrial accumulations, such as perturbation in energy metabolism or production of potentially detrimental free radicals, are interesting areas for future study.
The functional outcome of the neurodegeneration caused by 208 TDP-43 CTF remains unclear, since we did not detect a consistent difference between 208 TDP-43 Tg mice and littermate controls in motor and learning tasks, including rotarod, wirehang and y-maze test, at 10-12 months, due to large variation from animal to animal (data not shown). However, given our relatively small group size (n ≤ 10) for these tests and the mixed C57BL/ 6JxC3HeJ background of the mice in this cohort, these studies were likely underpowered to detect any changes. Although expression of 208 TDP-43 CTF and the formation of pathology was consistent in the 208 TDP-43 Tg mice, behavior tests are particularly sensitive to animal-to-animal variation, and further experiments with a larger group size and mice back-crossed to a pure background will likely lead to more definitive results on the behavioral outcome of 208 TDP-43 CTF expression. That said, the 208 TDP-43 Tg mice lived a normal life span without overt behavioral abnormalities. Regardless, our results show that the expression of 208 TDP-43 CTF causes highly selective DG neuronal degeneration in vivo, which may have direct relevance to the neuron loss seen in human FTLD-TDP patients. Indeed, our dramatic finding of amelioration of DG neuron loss upon 208 TDP-43 transgene suppression further strengthens the hypothesis that prevention of further TDP-43 CTF accumulation via modulation of TDP-43 cleavage or clearance mechanisms could be beneficial for future disease treatments.
Our results are the first in vivo demonstration of robust neurodegeneration caused by a disease-relevant TDP-43 CTF. Importantly, the highly selective DG neuron loss was not dependent on TDP-43 phosphorylation, loss of nuclear full-length TDP-43, or accumulation of the large cytoplasmic TDP-43-positive inclusions seen in human TDP-43 proteinopathies, despite the disease-reminiscent detergent insolubility of the 208 TDP-43 CTF. Further understanding of the contribution of different full-length and cleaved TDP-43 proteins will be crucial for the development of appropriate therapeutic strategies for FTLD-TDP, ALS and other neurodegenerative diseases characterized by TDP-43 pathology.
Materials and Methods
Tg mouse generation and maintenance
Camk2a-tTA Tg mice (Jackson Laboratories #3010) (47) were maintained on a pure C57BL/6J background by crossing of monogenic male mice with C57BL/6 females (Jackson Laboratory). tetO-208 TDP-43 Tg mice were generated by injection of a NotI-linearized modified moPrP vector (48) 
Mouse tissue
Mice were anesthetized with ketamine and xylazine and perfused intracardially with phosphate-buffered saline. The brain and spinal cord were removed, and the brain was bisected through the midline. The left half of the brain was dissected into regions and these and part of the spinal cord were immediately frozen on dry ice and stored at −80°C until processing. The right half of the brain and part of the spinal cord were immediately placed in 10% buffered formalin and allowed to post-fix for ∼16 h at room temperature. Fixed tissues were washed with Tris-buffered saline (50 mM Tris-HCl and 150 m NaCl), pH 7.4, and embedded in paraffin prior to sectioning at a thickness of 6 μm.
Human FTLD-TDP tissue
Six-micrometer-thick sections of formalin-fixed, paraffinembedded frontal cortex tissues from a 62-year-old female with the primary neuropathological diagnosis of FTLD-TDP type C were used for IHC analysis. Tissue was obtained from the Center for Neurodegenerative Disease Research (CNDR) Brain Bank, and autopsy and sample processing was performed as described previously (49) . Informed consent was obtained in accordance with the University of Pennsylvania Institutional Review Board guidelines.
Preparation of mouse brain lysates
CNS tissues were thawed on ice and sonicated to homogenize in 5× v/w of radio-immunoprecipitation (RIPA) buffer (50 m Tris, 150 m NaCl, 1% NP-40, 5 m EDTA, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0 with 1 m PMSF and phosphatase and protease inhibitor cocktails). Homogenates were centrifuged at ∼100 000g at 4°C for 30 min and the supernatant collected as the RIPA-soluble fraction. The pellet was washed with RIPA buffer and centrifuged as above and the resultant pellet was sonicated with 2× v/w of urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 m Tris, pH 8.5). Homogenates were centrifuged at ∼100 000g at 22°C for 30 min and the supernatant collected as the urea (U)-soluble fraction.
Immunohistochemistry and immunofluorescence
For IHC, sections were deparaffinized in 100% xylene and hydrated through a descending series of ethanol, and endogenous peroxidases were blocked by incubation in 5% H 2 O 2 in methanol for 30 min. For IF, sections were similarly processed but without blocking of endogenous peroxidases. Sections were washed and microwave antigen retrieval was performed at 95°C for 15 min using Antigen Unmasking Solution (Vector) for all sections except when using anti-ubiquitin antibodies. Sections were washed and non-specific antibody binding was blocked with 2% fetal bovine serum in 0.1 m Tris, pH 8.0. Primary antibodies were applied in blocking solution overnight at 4°C. Primary antibodies used for IHC were as follows: mouse anti-human TDP-43 (hTDP-43) monoclonal antibodies (MAbs; 0.06 µg/ml, clones 241, 5095, 5104, 5123) (19), a rat anti-p409/410 TDP-43 MAb (1:200, TAR5P-1D3, Ascenion, Munich, Germany) (7), a rabbit anti-p403/404 TDP-43 polyclonal antibody (PAb; 1:2000, CosmoBio TIP-PTD-P05), a rabbit anti-N-terminal TDP-43 PAb (0.22 μg/ml, CNDR N1065) (8), a rabbit anti-C-terminal TDP-43 PAb (0.15 μg/ml, CNDR C1039) (8), a rat anti-glial fibrillary acidic protein (GFAP) MAb (1:2000, clone 2.2B10, CNDR) (50), a mouse anti-ubiquitin MAb (1:10 000, clone Ubi-1, Millipore MAB1510), a rabbit anti-ubiquitin PAb (1:1000, Dako z0458), a mouse anti-ubiquitin MAb (1:1000, clone Ub1B4, CNDR) (6), a mouse anti-p62 MAb (1.0 μg/ml, clone 2C11, Abnova H00008878-M01) and a mouse anti-cytochrome c MAb (0.8 μg/ml, clone A-8, Santa Cruz sc-13156). Primary antibodies used for IF were as follows: a rat anti-phospho-neurofilament medium and heavy-chain ( pNF) MAb (1:200, clone TA51, CNDR) (51), a rabbit anti-COX IV PAb (1.0 μg/ml, Abcam ab16056), Ubi-1 (1:2500) and a rabbit anti-microtubule-associated protein 2 (MAP2) PAb (1:1000, CNDR 17028) (52) . For IHC, Vectastain ABC kit was used for detection using 0.05% 3,3′-diaminobenzidine tetrahydrochloride hydrate (Sigma D5637) with 0.003% hydrogen peroxide in 0.1  phosphate buffer, pH 7.4. Sections were counterstained with haemotoxylin and cover-slipped with Cytoseal 60 toluene mounting medium (Thermo Scientific). For IF, AlexaFluor-488 or -594-labeled goat anti-mouse, anti-rabbit or anti-rat secondary antibodies were used (1:1000, Molecular Probes), lipofuscin autofluorescence was quenched with 0.3% Sudan Black B in 70% ethanol (Sigma) and slides were mounted using Fluoromount Gold plus DAPI (Southern Biotech). Images were acquired with a Nikon Eclipse Ni inverted microscope, using a DS-Fi2 camera (brightfield) or DS-Qi1Mc camera (fluorescence).
Immunoblotting
RIPA-soluble and urea-soluble proteins were analyzed by SDS-PAGE for IB with Tris-glycine buffer system, nitrocellulose membranes and blocking buffer for fluorescent western blotting (Rockland). Protein concentrations of the RIPA-soluble fraction were determined using the bicinchoninic acid assay (Pierce). The amounts of U-soluble fractions used for immunoblotting were calculated based on volume from the corresponding RIPA-soluble protein concentration. Primary antibodies used were as follows: N1065, 5095, 5104, C1039 (all at the above dilutions) and a mouse anti-GAPDH MAb (1:10 000, clone 6C5, Advanced Immunochemical). Goat anti-mouse or anti-rabbit IRDye-680 or IRDye-800-conjugated secondary PAbs (Li-Cor or Rockland) were used and images acquired with a Li-Cor Odyssey imaging system. Band infrared fluorescent signals were quantified using Li-Cor Image Studio Version 2.0. For separation of 208-220-immunoreactive bands by IB, urea-soluble protein fractions from 208 TDP-43 Tg mouse cortex were electrophoresed with 12% Bis-Tris gels (Life Technologies) using MES buffer. Primary antibodies used were as follows: 5104 and a rabbit anti-TDP-43 PAb (raised against amino acids 208-220, 1:500, CNDR 2052). For urea-gel IB, urea-soluble protein fractions from 208 TDP-43 Tg mouse cortex were electrophoresed through 6 M urea-containing 12% acrylamide SDS-PAGE at 70 V for ∼15 h. For protein dephosphorylation, urea-soluble protein fractions from 208 TDP-43 Tg mouse cortex were dialyzed at 4°C overnight with gentle mixing through 10 000 MW cutoff membranes into 50 m Tris, pH 8.0 with 0.5 m PMSF. Samples were treated with or without calf intestinal phosphatase (CIP; NEB #M0290) at 37°C for 1 h and analyzed by IB.
Neuron quantification
N1065-immunostained and haemotoxylin-counterstained coronal sections of matched levels of the caudal hippocampus from age-matched littermate control and 208 TDP-43 Tg mice were imaged. Nuclei in the DG of the hippocampus of the right hemisphere were counted by two independent blinded observers using ImageJ software.
Statistics
Statistical analysis of DG neuron number was performed using Prism 4 (GraphPad). Two-way analysis of variance (ANOVA) was used to examine the effect of genotype and time, and Bonferonni's post-test was used when significant main effects and interaction of genotype and time were detected. All results are presented as mean ± standard error of the mean (SEM), and P < 0.05 was considered statistically significant.
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